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Single Point Incremental Forming (SPIF) is a manufacturing process used to form 
sheet materials, similar to thermoforming or stamping, that does not require the use of 
molds or dies. SPIF uses a CNC machine, with a blunt end forming tool, to incrementally 
form a sheet material into the desired shape of the final part. One disadvantage of SPIF is 
that after the tool is removed from the sheet material there is often springback due to small 
sections of the material that have not surpassed the material yield strength and have not 
permanently deformed. Past research [4] shows with the application of high temperature 
fluid flow, accuracy of the SPIF process, as well as formability of the material, is increased 
when used on polymers. Heat assisted SPIF will still result in some material springback 
and low accuracy parts, requiring need for further analysis of the heat assisted SPIF 
process. 
The objective of this research is to create an accurate method for analyzing heat 
assisted SPIF of polymers in ANSYS workbench and to use the ANSYS analysis to 
improve the accuracy of the final part in reference to the desire CAD model. This work 
will present methods for modeling the temperature profiles of the polymer sheets during 
the heat assisted SPIF process within ANSYS workbench.  
The temperature profiles of the polymer sheet during different stages of the heat 
assisted SPIF process will be examined and methods to apply the thermal profile to a 
coupled ANSYS simulation will be presented. The methods discussed in this work include 
CFD analysis of the heated fluid flow, direct application of the temperature loads to an 
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applied face mesh or Z-level mesh, and the use of thermal conduction due to an applied 
tool temperature. Each method of applying the temperature profile to the polymer sheet is 
analyzed for accuracy, computation time, and the difficulty of the setup within ANSYS 
workbench. The results show that while the CFD analysis method most resembles the 
experimental setup, the Applied Face Mesh (AFM) method shows the highest accuracy 
when compared to the temperature profile seen during experimentation, while also having 
a low computation time. While this paper shows possible methods for modeling the 
temperature profile of the polymer sheet during heat assisted SPIF, future research will 
show more results as to how each method affects the accuracy of the final heat assisted 
SPIF simulation in ANSYS workbench.  
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CHAPTER 1: INTRODUCTION 
1.1 Single Point Incremental Forming 
 The objective of this thesis is modeling the thermal loads seen during heat assisted 
single point incremental forming of a polymer sheet in ANSYS workbench. The overall 
goal of this research is to determine the most accurate modeling method of heat assisted 
single point incremental forming of a polymer sheet, in ANSYS workbench, to improve 
the accuracy of the manufacturing process. This thesis is just the first step in the direction 
of much future research on modeling heat assisted SPIF of polymers. Four modeling 
methods are evaluated and compared for accuracy of the thermal profile of the polymer 
sheet, required computation time, and possible errors or difficulties that will develop during 
the simulation setup process.    
Single Point Incremental Forming (SPIF) is a manufacturing process used to 
deform a sheet material to create a specific shape or design, similar to stamping or 
thermoforming. The major difference being that stamping or thermoforming requires a pre-
made mold to create the final shape, where SPIF uses a rapid prototyping process to form 
a desired shape. This process allows for shapes to be formed without the need of a mold 
and instead using a CNC machine. Due to the CNC forming method, SPIF does have 
forming constraints, such as the wall angle of a final part. Research has shown that the 
SPIF process is not capable of creating steep wall angles and instead is limited depending 
on forming parameters and material being formed [1, 2, 3, 4]. The use of a CNC rapid 
prototype manufacturing process makes SPIF designed more for one-off, custom made, or 
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small batch parts to be fabricated without having to do any mold preparation, where 
stamping and thermoforming are much better for mass production parts [5]. 
 
Figure 1: SPIF setup diagram [6] 
 The SPIF process consists of a flat sheet material clamped along the edges with the 
center of the sheet open above and below, see Figure 1. A blunt, rounded end tool is 
installed into the CNC tool holder and will apply force to the material following a specified 
tool path set up using G-Code. Since the material is not supported from below it is free to 
be formed by the tool. The tool will follow an incremental stepping process to slowly 




Figure 2: Tool path of SPIF process [7] 
1.2   Material Springback 
One issue resulting from the SPIF process is that since there is no mold to hold the 
sheet in place until it has cooled and deformed properly there is a high likelihood of 
material springback happening once the tool is removed from the sheet. Material 
springback happens when very small section of the sheet do not receive enough stress to 
reach the plastic stage of the material and instead only elastically deform. This causes the 
actual final shape of the material to be slightly less deformed then the desired final CAD 
model shape. Figure 3 [5] shows an aluminum part formed in the making of a solar oven. 
The final formed part results in a slightly less concave depth then the desired CAD 




Figure 3: Example of material springback [5]  
 
1.3   Single Point Incremental Forming Accuracy Improvement Method 
This research focuses on the SPIF of polymers with assisted thermal loads. In 
thermoforming, heat is applied to a polymer sheet to alter its physical state. A vacuum is 
then applied to the heated sheet so that it forms around a mold. Kulkarni [4] shows that a 
fluid heating method can also be applied to a polymer sheet undergoing SPIF to improve 
the final result of the process. The theory behind this research is to be able to analyze the 
effects of the heated assisted SPIF process on a polymer sheet and in the future, be able to 




Figure 4: Method for improving final part accuracy of SPIF process  
Figure 4 shows the developed method to improve accuracy of the final part for future 
projects of SPIF. Each step (displayed using numbers) in the cycle represents an analysis 
or process that must be completed to get to the next stage (displayed using letters), with 
the final stage being a high accuracy formed part.  
1. Stage A begins with is the development of a CAD model of a desired final part to 
be manufactured. A G-code forming software will be used to create a preliminary 
G-code toolpath (Stage B). This initial G-code will be based only on the shape of 




2. From the initial G-code (Stage B) the tool path coordinates will be extracted and 
applied as displacement coordinates within the simulation (Stage C). The 
simulation will contain two part; a structure analysis and a thermal analysis. The 
structural analysis will have a modeled tool with applied displacement values. 
The displacement values will come from the G-code toolpath to represent the 
CNC forming process. The thermal analysis will represent the temperature 
profiles of the sheet as they change over time throughout the forming process. 
These two simulations will be run in parallel to account for the change in thermal 
profile of the material and displacement of the tool simultaneously during the 
simulation. This process will give some foresight into the final resulting product 
due to the initially generated tool path. 
3. Step 3 will evaluate the results of the stage C simulation. For this step an 
optimization based algorithm will be used to modify the toolpath with the goal of 
finding a toolpath that will result in a simulation model very similar to that of the 
original desired CAD model. The newly optimized G-code will be reevaluated in 
the simulation and then modified again until the simulation results are within a 
predetermined tolerance of the desired CAD geometry.  
4. Once the G-code has been approved by the simulation to be within a specified 
tolerance the final G-code will be used to form the part (stage D). 
The goal of using this process is that the G-code will be modified to account for the 
materials reaction to SPIF. Therefore, when the material springs back due to the removal 
of the forming tool, it will spring back to the desired shape geometry originally formed 
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from the CAD model. This work will focus on the thermal simulation of the heat assisted 
SPIF analysis. In future work the couple thermal and structural simulation will be coupled 
and optimization methods can be evaluated. 
1.4   Thesis goals and outline 
The focus of this thesis will be on the different methods of modeling the applied 
thermal loads on the polymer sheet due to the flow of the heated fluid, seen during heat 
assisted SPIF. The setup for each method will be described in a step by step procedure and 
evaluated based on difficultly of setup, computation time, and accuracy of temperature 
profile representation.  
The objective of this work is to determine which of the four discussed methods of 
applying the thermal load, to an ANSYS workbench simulation, best represents the thermal 
profile or the polymer sheet during heat assisted SPIF. It is desired that the thermal profile 
created by using one of the following methods will represent the thermal profile seen 
during heat assisted SPIF with a high level of accuracy, and the required computation time 
for the applied thermal method will be negligible in comparison to the structural SPIF 
simulation. Methods will also be evaluated based on the difficulty of the step by step setup 
process with the desire to minimize require setup time and limit geometry and simulation 
errors during coupling of the thermal and structural simulations.   
Chapter two will include a literature review of previously completed works in the 
field of SPIF analysis and studies on the effects of heat assisted SPIF. Chapter three will 
focus on the different methods of setup for the Transient Thermal simulation in ANSYS 
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workbench and the steps required for each method. Chapter four will analyze the results of 
the different thermal application methods and discuss the advantages and disadvantages 
for each method, as well as ways to improve each method. Chapter five will draw 
conclusions and discuss the next steps in research for analyzing heat assisted SPIF in 




















CHAPTER 2: LITERATURE REVIEW 
2.1 Single Point Incremental Forming of Metals 
Single Point Incremental Forming is a manufacturing process developed from shear 
forming or spinning, where a part was clamped to the chuck of a lathe, or mandrel, and 
formed to the shape of the mandrel while being rotated [8]. Processes like spinning are 
limited on their ability to produce complex asymmetric while SPIF allows for asymmetric 
shapes to be formed using the tool path on a three axis CNC. In Figure 5 an example 
toolpath for forming a cone using a three axis CNC is shown. The tool begins on the first 
upper ring, forms an entire circle, then moves down one incremental level to the next circle 
and continues until the shape is formed. Using this same method with a three axis CNC 
much more complex asymmetric shapes, than a cone, can be formed.      
 
Figure 5: Tool path contours for CNC incremental forming of a cone [5]  
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SPIF is one of four manufacturing processes categorized as Asymmetric Incremental 
Sheet Forming (AISF) by Jeswiet and colleagues [5]. An ASIF process must meet the 
following six characteristics:  
• A sheet metal forming process 
• Has a solid small forming tool 
• Does not have large dedicated dies 
• Has a forming tool in continuous contact with the sheet metal  
• Has a tool that moves under control in three-dimensional space 
• Can produce asymmetric sheet metal shapes 
The two processes that fall into this category include SPIF and Two Point Incremental 
Forming (TPIF) where a counter tool is used to help support the sheet metal from the 
opposing side as it is being molded. Figure 6 shows four variations of AISF including SPIF 
and TPIF with and without die molds.  
 
Figure 6: Four Variations of AISF [5] 
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Each of the different variations of AISF includes four basic elements as shown in 
Figure 7. The four elements for AISF include:  
1) A sheet metal blank 
2) A blank holder 
3) A SPIF tool 
4) CNC motion 
 
Figure 7: Basic elements of AISF [5] 
In SPIF the lower surface of the sheet material, opposite of the forming tool, is 
unsupported allowing it to be molded into any desired shape. This offers many advantages, 
including forming with the use of a simple three axis CNC machine and allowing for use 
of simple CAD/CAM software. The die-less aspect helps to reduce the overall forming 
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process time and makes it easy to produce customized or small batch parts. Part size is only 
limited by the CNC in use and allows for easy forming of even hard to form materials. 
 Some of the disadvantage do effect the use of SPIF in industrial settings. One 
disadvantage of SPIF is the length of forming time per part. The forming time required 
limits SPIF use to only individual or small batches of parts. Forming of shapes like right 
angles must be done in a multi-step process and cannot be completed in one step. Also, the 
occurrence of spring back of material results in a low level of accuracy. Methods to 
calculate spring back and improve accuracy are being researched but often require large 
calculation time. Jeswiet and colleagues [5] discussed three common types of spring back. 
• Continuous local spring back, taking place at every displacement of the 
forming tool 
• Global spring back occurring after final unloading of the workpiece from 
forming tool and unclamping of workpiece 
• Global spring back after trimming of final part  
The first two have been studied through simulation and Finite Element Analysis (FEA) of 
the SPIF process.  
Young and Jeswiet [1] conducted a study on the resulting thickness of a final part 
after the completion of the SPIF process. As the SPIF process is completed on a sheet 
material the thickness of the sheet will thin out to compensate for the expansion of the sheet 
to form the final part. Cones of varying degree of wall steepness were analyzed to 
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determine the final wall thickness. The graphs of final thickness results for the 30 and 70 
degree wall angles are displayed in Figures 8 and 9. It can be seen that as the part is 
deformed near the backing plate there is a section were thinning occurs and then after this 
point there is less thinning for the rest of the wall profile.  
 
 




Figure 9: SPIF wall thickness profile of 70˚ wall angle cone [1] 
 
To help reduce the thinning in this location Young and Jeswiet [1] developed a 
concept known as Double-pass SPIF. The normal process for SPIF, or Single-pass SPIF, 
the tool will trace the outside perimeter of the shape on a 2D plane, then move inward and 
down to the next Z-level path and trace the next perimeter. This process will continue for 
every Z-level until the part is complete. Double-pass SPIF takes on a slightly different tool 
path where the shape is first inscribed away from the perimeter and then a second pass is 
done along the outside perimeter before moving down to the next Z-level. Figure 10 shows 
an example of the Double-pass SPIF and how the final thickness differs from single-pass 




Figure 10: Double-pass SPIF method (left) Resulting thickness profile of 70˚ cone 
using double-pass SPIF method (right) [1]   
Kim and Park [9] researched the effects of different process parameters on the 
formability on aluminum sheet during the SPIF process. Parameters such as tool type, tool 
size, feed rate, friction at surface between the tool and sheet, and plane-anisotropy of sheet 
were all tested to determine which methods allowed for greatest formability of the 
aluminum sheet without fracture. Kim and Park [9] were able to make multiple conclusion 
based on their work, all of which are listed below.  
• A ball tool is more effective at forming then a hemispherical head tool 
• Low levels of friction at the tool surface helps improve formability 
• Formability of the sheet increases as feed rate decreases 
• Between a 5mm, 10mm, and 15mm tool diameter the 10mm diameter had 
the best formability  
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• Due to plane-anisotropy, formability differs according to direction of tool 
movement 
These conclusions determine the different forming parameters that will help to improve the 
formability of aluminum sheet and how they can work together to improve final part 
characteristics.  
2.2 Single Point Incremental Forming of Polymers 
Research has also been completed on the SPIF when used on polymer materials. 
Polymers differ from metals in the way they react to applied stresses and strains that are 
present during SPIF. Franzen and colleagues [2]. was one of the first to study SPIF on 
polymer materials, specifically polyvinylchloride sheet (PVC). The study focused on the 
ability to form PVC at room temperature with high forming depths and the resulting quality 
of surface finish and formability. The study showed that also it is possible to form PVC at 
room temperature. Depending on the tool size and feed rate, there are three specific types 
of failure that are common of PVC in the SPIF process. The first mode of failure, shown 
in Figure 11 (a), happens at the transition zone between the inclined wall and corner radius, 
is a cracking due to meridional tensile stresses. The second failure mode is wrinkling 
twisted about the axis of revolution in the direction of rotation of the forming tool along 
the inclined wall of the work piece, shown in Figure 11 (b). Mode two failure is due to 
thinning of the material during the SPIF process. The third failure mode is an extension of 
mode two when the wrinkling is strained more than the material is capable and a crack 
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forms on the inclined wall of the work piece shown in Figure 11 (c). Mode three failures 
seemed to be more common at wall inclined angles of 50 degrees and greater.  
 
(a)                                         (b)                                            (c) 
Figure 11: Modes of failure of SPIF of polymers a) mode 1-crack along transition 
zone b) mode 2-wrinkle along incline wall c) mode 3-crack along incline wall [2]   
Martins and colleagues [3] continues the previously discussed research by looking 
at the formability of five polymers at room temperature. The polymers studied were 
polyoxymethylene (POM), polyethylene (PE), polyamide (PA), polyvinylchloride (PVC), 
and polycarbonate (PC). The different polymer sheets were each put through the same high 
forming depth shapes and the final products were analyzed for characteristics such as 
ductility, springback, price, and final aesthetics. It can first be noted that the failure modes 
of the different polymers were the same as discussed in the previous research. PE and PA 
resulted in the best ductility factors of the five polymers making them the most ideal for 
high forming depths and large wall angles. POM resulted in the lowest ductility factor 
making it the worst polymer for forming. PVC showed the lowest spingback factor, making 
it the best polymer for parts that require high accuracy. Figure 12 shows a spider diagram 




Figure 12: Polymer evaluation of ductility, springback, aesthetic and price [3] 
Le, Ghiotti, and Lucchetta [10] ran an experiment on different forming parameters 
and how they work together to improve formability of thermoplastics. Parameters being 
study included step size, tool size, feed rate, and spindle speed. A high and low value was 
chosen for each parameter displayed in Table 1 and different combinations of the high and 
low values for each parameter were used in the 24 experimental setups as shown in Table 
2. The results were then analyzed for each parameter individually as well as the different 
combinations of all four parameters, as shown in Figures 13 and 14. The results show that 
tool size has a significant effect on thermoplastic sheet formability, as well as the 
interactions between tool size and step size, as well as tool size and feed rate. An increase 
in spindle speed also seemed to result in an increase in formability.           
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Table 1: Experimental parameters [10] 
Source Low Level High Level 
Step Size (mm) 0.2 1 
Tool Size (mm) 6 12 
Feed Rate (mm/min) 1000 3000 
Spindle Speed (rpm) 200 700 
 
Table 2: Experimental Setup [10] 
Run Order Step Size Tool Size Feed Rate Spindle Speed 
1 Low High Low High 
2 High High High High 
3 Low Low High High 
4 High Low High Low 
5 Low Low Low Low 
6 High High Low Low 
7 Low High Low High 
8 Low Low Low Low 
9 Low Low Low Low 
10 High Low Low High 
11 High High Low Low 
12 Low Low High High 
13 Low High High Low 
14 High High Low Low 
15 High High High High 
16 Low High Low High 
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17 High Low Low High 
18 High Low High Low 
19 Low High High Low 
20 Low Low High High 
21 High Low High Low 
22 High High High High 
23 High Low Low High 








Figure 14: Effects of combined parameters [10] 
 
2.3 Heat Assisted Single Point Incremental Forming 
Due to the effect of springback during the SPIF process, research has been done 
with the desire to reduce springback and improve the final part accuracy. One method often 
used to complete this goal is altering the temperature of the workpiece, during the SPIF 
process, to lower the yield strength of the material. Lowering the materials yield strength 
will reduce the required force needed to deform the sheet, reducing the amount of 
springback of the material once the tool is removed. One of the first attempts at heat 
assisted SPIF was by Duflou and colleagues [11] where a laser beam system was used to 
heat an aluminum sheet at the location of the forming tool. A vegetable ester based cooling 
agent was applied to make sure the material did not overheat during the process. The 
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coolant was applied to the forming surface of the material everywhere except the location 
of the tool. The experimental setup is shown in Figure 15. Once the process was completed 
the final parts were analyzed for average required forming force, surface roughness, and 
finally geometry compared to the initial CAD model. The results, displayed in Figure 16, 
17, and 18, show that in both forming force and resulting geometry at increased 
temperatures improved the SPIF process. As temperature increased forming forces 
decreased, and the resulting geometry of the heated model better fit the desire CAD profile 
then the non-heated model. The deviation from the desire geometry was also calculated 
and graphed in Figure 17, confirming that the heated model has much less deviation from 
the CAD model. Material surface roughness did not correlate directly with temperature. As 
shown by Figure 18, roughness increased until 150 degrees Celsius then decreased after 
150 degrees Celsius with the least rough surface being at approximately 270 degrees 
Celsius. 
 













Figure 18: Surface roughness versus temperature [11] 
Guoqiang and colleagues [12] researched the possibility of heating during SPIF by 
sending a DC electric current through the forming tool into the work piece to create heat at 
the location of the tool. Both magnesium and titanium sheet were used in this experiment 
to see how this method would vary with different materials. The first issue involved in this 
process is that many of the parts were faulty due to burn marks on the sheet from too much 
current intensity, basically causing a small welding arc at certain locations. In cases that 
were not considered faulty, results showed similar to previous work that formability was 
increased with temperature increase. In this case however the results were greatly affected 
by feed rate and tool size. If the feed rate was to fast the current could not properly heat the 
material enough to alter the material properties. However, if feed rate was to slow the 
current would cause burns on the material sheets. Similarly, if the tool was to small the 
current would focus too much heat on a specific area of the material and cause burning on 
the material surface. If the tool was to large the current could not properly heat up the 
material enough to have any effect. The results were very limit and required the correct 
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tool size at a specific feed rate, otherwise the parts would not be useable and the method 
would not in fact benefit the user at all.    
While the heating of metals during the SPIF process seems to help improve 
formability and reduce total springback, polymers will not react the same to heat and 
forming as metals. For this reason, experiments performed by Kulkarni [4] aimed to 
determine the effect of heat assisted SPIF (HASPIF) on polymers. For this experiment a 
heat gun with a nozzle, designed to focus the hot air around the forming tool, was used to 
heat up the polymer as shown in Figure 19. The temperature of the heat gun was recorded, 
and an inferred camera was used to determine the surface temperature of the polymer to 
see how the two temperatures differed. Two experiments were completed using the heat 
gun nozzle system. The first experiment determined which temperature setting on the heat 
gun allowed for the best forming. A conical shape was formed at multiple temperatures 
(150, 200, 250, 300, and 350 degrees Fahrenheit) as well as with the heat gun turned 
off. The test showed that temperature settings of 250 and 300 degrees Fahrenheit both 
successfully formed the conical shape during every test without fracture or wrinkling. The 
second experiment involve forming a varying wall angle conical shape displayed in Figure 
20. In this experiment temperature settings of 250 and 300 degrees Fahrenheit were used 
in the heat gun, as well as with the heat gun off as a control group. The results showed that 
the best forming temperature was 250 degrees Fahrenheit allowing total forming wall angle 
of 46.54 degrees. At this value the surface temperature of the polymer ranged between 170 
and 180 degrees Fahrenheit. The results of these experiments show that heat assisted SPIF 
by the means of a heat gun does improve the formability if a polymer sheet, as long as the 
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glass transition temperature of the polymer is not reached (212 degrees Fahrenheit in this 
case).        
 
Figure 19: Experimental setup of HASPIF [4] 
 
Figure 20: Desired conical shape for experiment 2 [4]  
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2.4 Simulated Single Point Incremental Forming of Metals 
Research has been done attempting to use finite element analysis (FEA) software 
to predict the final shape of a work piece after the SPIF processes is complete. Much of the 
research has been done on analyzing metals such as aluminum, titanium, and copper sheet 
using many different types FEA software. Naranjo and colleagues [13] used both 
SolidWorks and ANSYS to determine required forming forces to preform SPIF on sheet 
titanium parts. Analysis was also done to simulate required forming forces and correlate 
simulation time and accuracy of results with mesh size to determine what mesh sizes 
produced the most accurate results in the least amount of time. Simulation results were 
compared to experimental data and are shown in Figures 21 and 22. The forming forces 
required for SPIF were calculated from the simulation and showed a similar trend to the 
experimental data, but resulted in growing error at later times of the process. Results also 
showed that although a smaller mesh size increased model accuracy, computation time was 
also exponential increased. 
 




Figure 22: Comparison of different mesh sizes and computational time [13] 
Ibrahim [14] studied the effects of different friction coefficients on the accuracy of 
an ANSYS thickness and strain distributions of a part. Varying friction coefficients were 
applied to the ANSYS model and resulting thickness distribution were calculated. Results 
showed, in the simulation, a reduction of friction coefficient helps to improve thickness 
distribution along final profile. Doss, Abaas, and Bedan [15] did similar research focusing 
on aluminum conical shapes of different sizes and angles to see how changing the 
dimensions of final shape would affect the resulting thickness profile and final geometry 
of the part. FEM was used to analyze different conical shape formations and compared to 
experimental results.  
 Khan and colleagues [16] proposed an intelligent process model (IPM), shown in 
Figure 23, to predict the springback of a 1.0mm thick steel sheet. A nodal analysis was 
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completed to estimate how much extra displacement needed to be added to the toolpath to 
compensate for the resulting springback. Figure 24 shows the corrective cloud generation 
process and how calculating the deviation of the predicted geometry from the CAD 
geometry can be used to calculate the corrected geometry need to account for springback.  
 
Figure 23: Intelligent process model [16] 
 
 
Figure 24: Corrected cloud generation process and comparison [16] 
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In some cases, the tool path of an SPIF process has been studied to see if a specific 
path would result in a more accurate final work piece. Thilbaud and colleagues [7] looked 
at different tool paths used to form copper sheets and how they affect the work piece, 
including simulation of profiles, resulting final part thickness, and forming forces of the 
different tool paths. Figure 25 shows the different tool paths that were analyzed. Results 
showed little different in required forming forces or resulting thickness in either the 
simulation or experimental data.      
 
Figure 25: Forming tool paths a) constant Z-level tool path b) helical method [7] 
During the SPIF process the sheet material will thin due to the workpiece expanding 
into the final shape. Benedetti and colleagues [17] used ABAQUS to simulate both 1.0mm 
steel and 1.2mm aluminum sheet to determine resulting profiles, residual sheet thickness, 
and forming forces during the SPIF process. Required forming force and resulting 
geometric profiles were compared to experimental results for validation and proved to 
provide a similar result.  
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2.5 Simulated Single Point Incremental Forming of polymers   
While simulation of SPIF of metals have been studied in many different forms, the 
research on simulating SPIF of polymers is limited due to the complex material models 
required to properly analyze the stress and strain reaction of polymers to the fatigue loading 
seen in the SPIF process. Silva, Alves, and Martins [18] were some of the first to attempt 
to simulate the SPIF process on polymers. A material model for PVC was developed and 
applied to a simulation hoping to calculate resulting sheet thickness due to initial draw 
angle and radius of the forming tool. To save time the simulation was completed on a 1/8th 
section of a conical final shape.     
Yonan and colleagues [19] attempted to create a three-dimensional material model 
of high density polyethylene (HDPE), PVC, and PC. Tensile tests were completed on each 
material at multiple strain rates as well as a series of loading and unloading tensile tests. 
Once the tests were complete a model was created and analyzed against the test results. 
Figure 26 shows the resulting comparison. The results show that the tensile test model fits 
PC the best where the loading and unloading model best matches the HDPE testing data. 
Yonan and colleagues [20] later used this polymer model to evaluate the resulting geometry 
and required forming forces of the forming tool. The deviation of the simulated model from 





Figure 26: Comparison of experimental and material models for tensile test Left) 






 (a) (b) 
Figure 27: a) Geometric deviation of simulated model and experimental model b) 
Comparsion of thickness profile of experimental and simulated model [20] 
 




Manco, Filice, and Ambrogio [21] did a study of different tool paths and how they 
affect the resulting thickness profile of the final part. The four tool path variations are 
displayed in Figure 29 and describe below.  
1) Single Slope – most common tool path used in SPIF. The outlined 
boarder is traced on incremental steps of Z-levels until the part is 
complete. 
2) Incremental Slope – slopes of incremental smaller wall angles are 
completed to stretch out the material until finally reaching the desired 
slope.  
3) Wall Slope – increments heights from the final base are completed 
before the final outline path is finished. 
4) Decremental Slope – Incremental heights are completed at steeper 
angles with the hope of springback effect correcting the offset and better 




Figure 29: Tool paths being studied [21] 
 
36 
A numerical simulation was then completed using the previously discussed tool 
paths and the Barlet-Lian material model to characterize material yield. The results of the 
finite element method (FEM) were compare to the experimental data to determine if the 
material model would be able to calculate final material thickness. Figure 30 shows the 
results of the experimental and FEM thicknesses, and it can be seen that the FEM is within 
a 5% comparison of the measured values [21]. 
 




2.6 Research Opportunities  
 Many different topics of research have yet to be studied in regards to the FEA of 
SPIF on polymers. The first topic focuses on the material model used to complete an SPIF 
analysis. The SPIF process requires calculation of plastic and elastic deformation due to 
tool displacement. When simulating this process on polymers the calculations and material 
models are much more complicated than when simulation SPIF in metals. Research to 
determine which material model produces the most accurate results for the SPIF 
process on polymers would improve future simulations of SPIF. Example material models 
could include the 3-Network model, the Bergstrom-Boyce model and the Parallel-Network 
model [22-24]. PolyFEM is an online resource that presents different material models that 
can be implemented into the Transient Structural analysis in ANSYS workbench. Research 
is needed to determine which model produces the most accurate results for permanent 
deformation of a polymers, or even which model produces accurate results in the least 
amount of time, to improve computation time of the SPIF simulation. Different polymers 
react to loads in different ways. It is possible that one model will produce the most accurate 
results for one polymer while another model may produce better results for another 
polymer. Research in this topic will allow a better understanding of which models will 
obtain more accurate results of the SPIF process of polymers and improve the ability to 
produce a more accurate final part. This research will also determine if different models 
calculate the displacement of different polymers better than others and present possible 
ways to improve polymer material models and more accurately represent polymer 
deformation with new models.  
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Another research topic that has yet to be studied is determining which heating 
method works best for different materials, and if there is one heating method that 
works best for specific materials. The goal of heat assisted SPIF is to minimize the about 
of springback of a sheet by heating the material, therefore lowering the yield stress, and 
causing the material to permanently deform with less stress. However no research has been 
done to determine which method of heat assisting produces the best results. The previous 
section displays three different methods of heat assisted SPIF: laser heating, DC electric 
current heating, and heated fluid flow. Research to determine which of these heating 
methods, or other methods not discussed, results in the least springback of the material and 
the most accurate final part. Research in this subject could also determine if there is a 
benefit of focusing the heat on the location of the material that is currently being deformed 
by the tool, or if it is better to simply heat the entire sheet of material. Along with this 
subject, different materials will also react differently to different heating methods. For 
example polymers will not react as well to heating used a DC electric currents as metals 
will. Determine which materials react best to which heating methods will improve the SPIF 
process in the future for all materials.  
How to apply the temperature profile created by heat assisted SPIF to material 
within an ANSYS workbench simulation is another topic not yet studied. Altering the 
temperature of the material will alter how it reacts to the displacement created by the 
forming tool. Proper application of the temperature to the material, within ANSYS, will 
influence the accuracy of the simulation results. Different heating methods, similar to the 
ones previously discussed, will create different temperature profiles on the material. To 
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simulate the different forms of heat assisted SPIF accurately, the best methods of how to 
apply the temperature profiles in ANSYS workbench needs to be determined. This research 
will present different methods of accurately applying the temperature profiles of different 
heat assisted SPIF process and their effects on simulation results including accuracy and 
computation time.  
The objective behind being able to simulate the SPIF process is to determine the 
required experimental parameters that will result in a final part that accurately matches a 
predetermined CAD model. Optimization of the SPIF process is an area of research that 
will need to be studied in the future. SPIF optimization is a method of altering the 
experimental parameters such as toolpath, lubrication, or temperature to obtain the best 
possible final result. A brief method of SPIF optimization is discussed by Khan and 
colleagues [16]. In this case a tool path is designed based on a predetermined CAD model. 
The toolpath was run and the resulting part was created. Due to springback the final part 
would differ from the CAD model. The difference between the final part and the CAD 
model was used to create a linear interpolation between the tool path and the final 
geometry. Meaning, if the toolpath was extended so that the material is stretched past the 
CAD model the same distance of the previous part’s springback, when the workpiece did 
springback it would form to the shape of the desired CAD model. This concept is a basic 
introduction to SPIF optimization. Future research will introduce a method to properly 




One problem area in the subject of performing FEA on SPIF is the amount of 
computation time required. Minimal research has been completed on methods to improve 
the computation time. Some methods would include using a larger mesh size similar to 
the research completed by Naranjo and colleagues [13]. However, increasing the mesh size 
also lowers the accuracy of the simulation. Research could be completed on how to modify 
or simplify the model in order to lower computation time without lowering the accuracy of 
the simulation. This may be done by only completing analysis on a small slice of the model, 
although this would not be useful for asymmetric parts. Scaling the model down is another 
possible method of lowing computation time. Research needs to be completed to show if 
there is a proper method or scale to use for SPIF and what are some of the problem areas 
in regards to the accuracy of a scale model. Computation time of SPIF is a problem area 
especially when analyzing polymers due to the complex material models. Lowering 
computation time is a major part in making FEA of SPIF usable in the world of 








CHAPTER 3: EXPERIMENTAL THERMAL PROFILE AND THERMAL 
APPLICATION METHODS 
3.1   Simulation Model Development 
The goal of this study is to determine methods for generating thermal load 
conditions of the heat assisted SPIF process and apply these loads to the SPIF simulation 
in ANSYS workbench. The experimental setup being analyzed is the same setup used by 
Kulkarni [4] displayed in Figure 19 of Chapter 2 (shown again in Figure 31 below). The 
polymer sheet being formed is clamped by a bolt system and has a forming diameter of 3.5 
inches. The forming tool is a 1/8-inch diameter ball end tool attached to a nozzle. The 
nozzle connects to a heat gun that will blow hot air onto the workpiece directed at the tip 
of the forming tool. Figure 32 and 33 show the experimental setup and nozzle previously 
described. 
 




Figure 32: Heat assisted SPIF experimental setup  
 
Figure 33: Heat assisted SPIF hot air nozzle  
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 3.2   Thermal Profile Experiment 
Depending on the experimental setup, as well as the desired forming shape, the 
thermal profile of the workpiece will change. The aim of this research is to generate 
different methods of applying the temperatures seen at the surface of the workpiece into an 
ANSYS heat assisted SPIF simulation. The temperature over the entire workpiece surface, 
during heat assisted SPIF, will be referred to as the temperature (or thermal) profile. To 
apply the temperature profile to an ANSYS simulation, a reference profile must be 
determined. Two experiments were completed to determine the temperature profile of the 
workpiece, during heat assisted SPIF, and used as a reference in the creation of the 
following methods to apply a temperature profile within an ANSYS simulation.  
For the first test, the tool was located at the center of the workpiece as if to begin 
the forming process. A polystyrene sheet was used as the test subject material and the 
temperature profile was viewed using a FLIR i40 thermal imaging camera. The heat gun is 
turned on and the thermal imaging camera is used to determine the temperature profile of 
the polystyrene sheet. During SPIF the tool is constantly moving about the workpiece. For 
this reason, leaving the tool in the same location over an extended time may produce higher 
temperatures then seen during heat assisted SPIF. Images were taken approximately two 
and four seconds after the heat gun was turned on to best represent the transient state of the 
forming tool. 
To obtain a two-dimension profile view of the temperature of the polystyrene sheet 
the thermal image should be taken from directly over the top of the workpiece. Due to the 
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location of the forming tool this was not possible, so the images were taken from an 
isometric view. Figure 34 shows two of the images taken by the thermal imagine camera. 
The first image (Figure 34 a) shows the temperature at the base of the tool being 82 degrees 
Celsius, and the temperature ranging from 22 degrees Celsius to 81 degrees Celsius. The 
second image (Figure 34 b) shows a similar profile with the temperature of the workpiece 
to the right of the tool being 79 degrees Celsius. The temperature values at different 
locations along the thermal scales of Figure 34 (b) were extracted and the results are shown 
in Table 3 below [25]. 
 
 (a) (b) 





Table 3: Temperature value of numerical scale in Figure 34 (b)  
 
Point  Temperature (˚C) 
Lower Scale Value 22 
Point 1 (Left most point) 27 
Point 2  43 
Point 3  52 
Point 4  65 
Point 5 (Right most point) 75 
Higher Scale Value  82 
 
In the second test, a thermal imaging camera was used to look at the thermal profile 
of the part during the SPIF process. This test was performed by Kulkarni [4] during his 
research of heat assisted SPIF and the results are shown below. The experimental SPIF 
setup was coded to form a conical shape and images were taken during different stages of 
the process. The goal behind this test was to see what how the temperature profile would 
differ in motion versus a static position. The temperature profile is viewed at three different 
stages of the SPIF process to see how the profile will change over time. The three stages 




Stage 1: The beginning stages of the SPIF process before the workpiece begins to 
plasticly deform and can be treated as a flat sheet. (Figure 35 a) 
Stage 2: The beginning of plastic deformation. The workpiece is no longer flat and 
is beginning to display a shallow concave surface of the desired forming shape. 
(Figure 35 b) 
Stage 3: The workpiece now displays a deep concave section in the desired forming 
shape. (Figure 35 c)  
 
 (a) (b) (c) 
Figure 35: Thermal images of heat assisted SPIF of polymer creating conical shape 
a) Stage 1-first layer thermal image b) Stage 2-thermal image of deformation taking 
place c) Stage 3-thermal image once conical shape has been formed 
   The first image, Figure 35 (a), shows the first stage of the SPIF process, before 
plastic deformation has taken place. The maximum temperature on the scale is at 
approximately 87 degrees Celsius. Stage one also shows the forming of a residual heat trail. 
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A residual heat trail is defined as a high temperature area behind the forming tool (see 
Figure 36). The residual heat trail is a result of the previous path of the forming tool. 
 
Figure 36: Residual heat trail  
Table 4 displays the temperature values extracted from the thermal scale in Figure 
35 (a) [25]. The extracted data shows that the white colored part of the residual heat trail 
has an approximate temperature of 82 degrees Celsius, while the yellow sections of the 
temperature profile have an approximate temperature of 73 degrees Celsius. The lowest 
temperature sections of the workpiece are around the outside edge (purple/pink) having a 







Table 4: Stage 1 temperature values of numerical scale in Figure 35 (a)  
 
Point Temperature (˚C) 
Lower Scale Value 39 
Point 1 (Left most point) 41 
Point 2  46 
Point 3  57 
Point 4  64 
Point 5  73 
Point 6 (Right most point) 82 
Higher Scale Value 87 
 
 Figure 35 (b) shows the temperature profile of the workpiece as it has begun to 
plasticly deform, during stage two of SPIF. Due to the deformation of the workpiece the 
hot air is focused at the center of the molding shape. This has increased the maximum 
temperature of the workpiece to 89 degrees Celsius. There is still a small residual heat trail, 
however it has shortened from stage one and seems to be more focused at the center of the 
part. The same software previously discussed was used to extract temperatures values at 





Table 5: Stage 2 temperature values of numerical scale in Figure 35 (b) 
 
Point Temperature (˚C) 
Lower Scale Value 43 
Point 1 (Left most point) 46 
Point 2  50 
Point 3  61 
Point 4  67 
Point 5  74 
Point 6 (Right most point) 85 
Higher Scale Value 89 
 
 In Figure 35 (c), the conical shape is beginning to form and the temperature profile 
is altered again from stage two. The maximum temperature in the thermal image of stage 
three is 92 degrees Celsius. Now that a conical shape is formed the hot air is focused 
directly in the center of the workpiece. Thus, the temperature profile is much more 
simplified as the entire center ranges from 74 degrees Celsius to 85 degrees Celsius. 





Table 6: Stage 3 temperature values of numerical scale in Figure 35 (c) 
 
Point Temperature (˚C) 
Lower Scale Value 42 
Point 1 (Left most point) 44 
Point 2  50 
Point 3  63 
Point 4  71 
Point 5  78 
Point 6 (Right most point) 88 
Higher Scale Value 92 
 
The following sections will discuss four methods of applying the temperture profile 
to an ANSYS simulation. The goal is to detemine the amount of setup time, computational 
time and level of accuracy of the applied simulation temperature profiles. Table 7 shows a 
breif explanation of the four methods used to apply the tempertaure profile within ANSYS 
workbench. The concept for each method will be further explained in the following 
sections, as well as the setup of each method from the modeling of the experimental setup 




Table 7: Methods of applying thermal profiles in ANSYS workbench  
Method Name Explaination of Method 
CFD Analysis Method Uses CFD analysis in ANSYS workbench (Fluent) to 
determine temperature of workpiece based on flow of 
heated fluid. 
Applied Face Mesh Method Directly applies temperature load to the face of the 
workpiece by splitting the workpiece surface into a 
mesh like pattern and applying temperature values to 
each individual face.  
Applied Z-Level Temperature Method Divides surface of workpiece into layers based on tool 
path Z-levels and directly applies temperature values 
to each Z-level individually. 
Tool Conductivity Method Applied temperature load to forming tool and uses 
thermal conductivity to generate temperature profile 






3.3   CFD Analysis Method 
In the experimental setup, the heat gun forces hot air through a nozzle that is 
designed to also hold the forming tool. Hot air flows through the nozzle and onto the 
workpiece at the base of the forming tool altering the temperature of the workpiece. Since 
fluid flow is generating the heat in the heat assisted SPIF, using a computational fluid 
dynamics (CFD) analysis to generate the thermal profile of the workpiece will be the first 
method analyzed. A simulation is run, similar to the non-moving tool test discussed in the 
previous section of this chapter, to determine the accuracy of the CFD Analysis method. 
Depending on the accuracy of the CFD  simulation the results of the temperature profile of 
the workpiece should be very similar to the temperature profile in Figure 34.        
The concept for this temperature application method of heat assisted SPIf is that a 
transient CFD analysis would be run for every time step of the simulation. The temperture 
profile from the CFD analysis would be extracted and applied to the workpiece of the 
structural analysis. A structural simulation would then analyze the deformation of the 
workpiece with the applied temperature profile. After one time step the new shape created 
by the Transient Structural analysis would then be imported into another CFD simulation. 
CFD analysis would be run on the new shape and this process would continue until the 




Figure 37: CFD analysis method 
The following steps are used to set up a CFD simulation in the ANSYS workbench 
Fluent analyzer and transfer the results of the temperture profile to Transient Thermal 
simulation so that the temperature can be applied directly to the surface of the workpiece. 
Step 1: Creating 3D model in SolidWorks  
To set up the fluid simulation a 3D model was made as an assembly file in 
SolidWorks, displayed in Figure 38. To minimize the volume of parts being meshed in the 
ANSYS simulation, only the work area of the polymer was modeled. The assembly model 




Figure 38: 3D model of Heat Assisted SPIF for CFD method 
Step 2: Merging faces in Design Modeler 
Once in ANSYS Workbench a Fluid Flow (Fluent) simlaution was used. The STEP 
file geometry is imported and modified in the Design Modeler. If imported as a STEP file 
all of the circlur edges must first be merged. Specifically, the two regions of the ball end 
of the forming tool must be merged, as shown in Figure 39, in order to have proper contact 
regions later in the simulation.   
 
Figure 39: Merge of ball end forming tool in Design Modeler 
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Step 3: Modeling fluid geometry 
The Fluent simulation within ANSYS confines the fluid to a modeled component 
to properly mesh the 3D model for simulation. A part must be created that will define the 
geometry of where the fluid analysis will be calculated. A sketch is created and extruded 
from the base of the workpiece to the upper surface of the nozzle. The Boolean feature is 
then used to subtract the shapes of the tool and the workpiece, making sure to preserve the 
tool bodies, as shown in Figure 40. The resulting area will be used as the fluid geometry in 
the Fluent simulation.   
 




Step 4: Creating model mesh  
 Within the Meshing modeler a mesh of the geometry must be created for the 
simulation. The contact regions between the parts will be shown under the connections tab. 
ANSYS should automatically determine three contact regions; the region between the tool 
and the workpiece, the tool and the fluid flow (fluid geometry called “Solid” if not given a 
name in the Design Modeler), and finally between the workpiece and the fluid flow. The 
mesh needs to next be applied to the model. For this simulation inflation mesh was used 
on the fluid flow geometry in the locations of where the fluid flow will contact both the 
tool or the workpiece.  
Step 5: Creating Named Selections 
Named Selections are created for the inlet and outlet of the fluid flow. This will be 
used later in the Fluent setup, and allow the software to automatically apply specific 
parameters to these regions. The Inlet will refer to the four circular faces of the fluid flow 
at the top face of the tool nozzle (see Figure 41 a). The Outlet will refer to the top and side 







Figure 41: a) Inlet region of fluid flow b) Outlet region of fluid flow 
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Step 6: Fluent simulation: setting model parameters 
 To setup the fluid simulation an arrangement of many different inputs is required. 
When opening the Fluent setup screen first the solver model must be changed to pressure-
based, absolute, and transient under the General tab. If any specific units are desired the 
unit type can be selected from this page. The proper setup can be seen in Figure 42. 
 
Figure 42: Setting model parameters of Fluent simulation 
Step 7: Setting model type 
In the Models tab the specific solver models need to be selected. Since the goal is 
to determine the temperature profile, the Energy model must be turned on. In regards to 
the viscous model, the K-epsilon model with a scalable wall function can be used. The 





Figure 43: Viscous model setup 
Step 8: Applying simulation materials 
The Materials tab is set up depending on which material is being studied. A 
polystyrene material will be used for this workpiece in this simulation, and needs to be 
added to the materials list. When adding a new material, the required material properties 
are density (kg/m3), specific heat (J/(kg*K)), and thermal conductivity (W/(m*K)). By 
clicking “create/edit” under the materials tab a new material can be named and material 
properties can be input. Certain materials can also be added from the material database 
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within Fluent. Air and aluminum should be the default materials. Steel will also be added 
from the Fluent database for the forming tool. The material used as the workpiece in the 
experiment is a polystyrene sheet purchased from Mcmaster-Carr. Mcmaster-Carr displays 
some of the material properties data of the polystyrene sheet [26]. Table 8 shows the 
material properties added for polystyrene [26, 27]. 
Table 8: Material properties of polystyrene for Fluent simulation  
Density  1051.836 kg/m3 
Specific Heat 1450 J/(kg*K) 
Thermal Conductivity .0466 W/(m*K) 
Step 9: Applying materials to 3d model parts  
In the Cell Zone Conditions tab, each of the different materials from the material 
section can be applied to each geometry in the 3D model. By selecting the material type 
and clicking edit the specific material can be chosen for each geometry. The tool is selected 
to be steel, the workpiece selected to be polystyrene, and the fluid geometry (solid) selected 
to be air.  
Step 10: Applying simulation boundary conditions 
The Boundary Conditions for the simulation must be set. Since the Inlet and Outlet 
named selections were previously created, they will each be listed in the boundary 
conditions section. The Inlet selection will be the location that the hot air is entering the 
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nozzle from the heat gun. The heat gun is initially set to 250 degrees Fahrenheit (121 
degrees Celsius). Assuming the fluid flow will cool slightly between the heat gun and the 
nozzle the initial temperature of the Inlet is set to 110 degrees Celsius with an initial 
velocity of 10 meters per second. The Outlet selection is set to 25 degrees Celsius to 
resemble room temperature at atmospheric pressure.  
Step 11: Creating mesh contact regions 
In the tab titled Mesh Interfaces the contact regions needed to be modified. The 
regions need to be set up so that there is a coupled wall region between the fluid geometry 
and the forming tool, as well as between the workpiece and the fluid geometry. Since this 
simulation is set up for fluid flow analysis the contact between the workpiece and the 
forming tool does not need to be created. An example of the regional setups is shown in 




Figure 44: Setup of contact regions  
Step 12: Initializing simulation  
Before running the simulation, the setup needs to be initialized to determine the 
starting temperature, pressure and other values of the fluid. A hybrid initialization can be 
used which will predetermine these initial values. Using the patch function, these values 
can then be modified. The only modification needed for this simulation is the temperature 
values, which need to be set to 25˚C to account for all parts of the 3D model starting at 




Step 13: Running Fluent calculation 
Within the Run Calculation tab the time step size, number of time steps, and max 
iterations needs to be set. For this simulation, a two second transient analysis would be 
used, similar to the non-moving tool thermal imaging test. The time step was set to be 0.1 
seconds with number of time steps set to 20. The max iterations value was set to 20 and 
calculations can be run.  
Step 14: Viewing Fluent simulation results 
The results can be viewed from the CFD-Post screen in ANSYS workbench. Figure 
45 shows the volumetric contour of the temperature of the fluid. At the top of the nozzle 
the temperature of the air is approximately 383 Kelvin (110 degrees Celsius) as set by the 
simulation. The temperature at the center of the workpiece is approximately 362 Kelvin 
(89 degrees Celsius) while the outer edge of the workpiece rest around 319 Kelvin (46 
degrees Celsius). The 2D contour temperature profile of the fluid, at the base of the 
workpiece, is shown in Figure 46. The temperatures of the 2D contour verify the 
temperature result previously discussed from the volumetric contour. One difference 
between the 2D and volumetric contour profiles is that, in Figure 46, the different 
temperature contours form a square shape due to the locations of the four exit holes in the 




Figure 45: Volumetric temperature of fluid flow 
 
Figure 46: 2D Temperature contour of fluid at surface of workpiece 
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Step 15: Coupling Fluent and Transient Thermal simulations 
Once the fluid analysis is complete the temperature profile of the fluid needs to be 
applied to the workpiece directly. This can be done by coupling the Fluent simulation to a 
thermal simulation, shown in Figure 47. In the Engineering Data section of the Transient 
Thermal simulation, the same polystyrene material can be added with the same material 
properties as shown in Table 8. The same geometry can be used in the thermal analysis as 
was used in the Fluent simulation, therefore a link can be created between the two geometry 
tabs. The goal of coupling the two simulations is to apply the temperature profile from the 
fluid geometry to the workpiece. The solution of the Fluent analysis can be linked to the 
setup tab of the thermal simulation. This creates a one-way coupling between the two 
simulations, where the thermal profile from the Fluent simulation can be applied as a load 
in the thermal simulation.      
 
Figure 47: Coupling of Fluent and Transient Thermal simulations 
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 Step 16: Transient Thermal simulation 
Within the setup of the Transient Thermal simulation the imported temperature load 
can be added by right clicking onto the import load folder and selecting import temperature. 
The load will be applied to the face of the workpiece and the imported CFD surface will 
be the contact region between the fluid geometry and the work piece as shown in Figure 
48. The analysis can then be solved and the temperature of the workpiece can be 
determined, as shown in Figure 49.  
 





Figure 49: Temperature profile results of workpiece from Fluent analysis 
 The temperature profile of the workpiece shown in Figure 49 has a similar 
distribution to the thermal image of the non-moving tool shown in Figure 34(b). The 
temperature at the base of the forming tool is 82 degrees Celsius in the thermal image and 
90 degrees Celsius in the simulation results. By modifying the inputs, values such as initial 
fluid temperature or fluid velocity, the simulation accuracy could be further improved. 
CFD results also show the temperature profile having more of a square shape, due to the 
location of the four input holes of the fluid, rather than a more circular profile as seen in 
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the thermal image.  A more detailed analysis of the results obtained through the CFD 
method on all three stages of SPIF will be discussed in the following chapter.     
3.4   Applied Face Mesh Method 
 The second method formed to apply for the thermal load of the heat assisted SPIF 
in the ANSYS simulation is by directly applying the thermal load to the face of the 
workpiece. CFD simulations requires time to compute results, and the concept of the CFD 
Analysis method would require a new CFD simulation to be calculated for every time step 
of the structural simulation. The number of CFD calculations for the heat assisted SPIF 
analysis would require such a large computing time that a way to completely bypass the 
CFD simulation is desired.  
 The Applied Face Mesh (AFM) method is a concept that will allow the temperature 
profile to be applied directly to the face of the workpiece based on the temperature values 
from the thermal images. For the AFM method, the upper surface of the workpiece will be 
cut into a grid of multiple different faces to represent a mesh. Each of the individual faces 
can have a specified temperature applied to it for each time step of the simulation. The 
temperature can then be manually manipulated for each face to represent the temperature 
profile of the workpiece as it changes over time. The final heat assisted SPIF simulation 
will then contain only a Transient Thermal simulation, and a Transient Structural 
simulation running in parallel. For every time step, the entire temperature profile of the 
workpiece will be calculated in the Transient Thermal analysis. The results of the Transient 
Thermal simulation will be imported into the Transient Structural analysis. The 
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deformation will be calculated with the applied temperature load and then a new 
temperature profile will be created for the next time step (see Figure 50). This process will 
continue until every time step is complete for the entire SPIF process.  
 
Figure 50: AFM Method 
The following steps can be used to set up the AFM method in the Transient Thermal 
analysis in ANSYS workbench.  
Step 1: Creating 3D model in SolidWorks 
Using SolidWorks an assembly model is created to represent the workpiece and the 
tool for SPIF (see Figure 51). Unlike the model used in the CFD analysis method, the AFM 
3D model only requires the tip of the forming tool to be modeled. The nozzle does not need 
to be modeled since a CFD analysis is not being completed. Representing only the end of 
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the tool will minimize the geometry needed to be meshed in ANSYS, decreasing total 
calculation time.  
 
Figure 51: 3D model for AFM method of heat assisted SPIF  
Step 2: Creating applied face mesh  
To create a mesh, the surface of the workpiece must be split into sections. This is 
done using the split line function in SolidWorks. Within the part file of the workpiece, a 
sketch is created on the upper surface. This sketch will represent a grid like pattern, which 
will later allow different temperature to be applied to the workpiece surface. One advantage 
to the AFM method is the mesh can have a variety of accuracy levels depending on how 
detailed the applied sketch. The applied mesh can also be arranged in many different shapes 
depending on what mesh pattern fits the shape being formed. Figure 52 shows many 
different forms of grid pattern meshes, as well as circular meshes. Once the sketch of the 
desired mesh is created, the split line function can be used to split the surface into multiple 
different faces. Saving the workpiece with the applied mesh will alter the assembly file to 
include the new applied mesh surface. The final assembly is saved as a STEP file to import 
into ANSYS workbench. The simplified circular mesh, (Figure 52 d) will be used for this 




(a)                                                                     (b) 
 
 (c)  (d) 
Figure 52: Examples of possible applied meshes. a) Fine grid mesh b) Course grid 
mesh     c) Fine circular mesh d) Course circular mesh  
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Step 3: Transient Thermal: Engineering Data 
A Transient Thermal simulation can be added in ANSYS workbench. In the 
engineering data table a material must be created based on the polymer being analyzed. A 
polystyrene material model will be used for this simulation, just like in the CFD Analysis 
method. The same material property values displayed in Table 8 will be used for this 
thermal analysis. Each of the three properties (density. specific heat, and thermal 
conductivity) can be added by selecting them in the toolbox and applying the appropriate 
values. The final material property data for polystyrene is shown in Figure 53. 
 
Figure 53: Engineering data table for polystyrene 
Step 4: Transient Thermal: adding model geometry 
To add the model geometry to the Transient Thermal, right click on the geometry 
tab in ANSYS workbench, import geometry, and browse for the desired STEP file with the 




Step 5: Transient Thermal: applying material to geometry  
With the engineering data added to the simulation, the Mechanical Modeler can be 
used to apply the materials and mesh to the 3D model. To apply materials to the geometry 
of the model expand the geometry tab and select which geometry to apply the material to. 
ANSYS will automatically apply structural steel to each part in the model geometry. The 
structural steel material can be used for the forming tool. The workpiece material must be 
changed to the polymer being analyzed, in this case polystyrene. To alter the material, 
select the geometry in the project tree and alter the material assignment to polystyrene (see 
Figure 54).  
 




Step 6: Transient Thermal: generating mesh 
A mesh needs to be applied to the geometry so the material model can be calculated 
for each node in the mesh. A smaller mesh size will produce more accurate results, however 
will take longer to calculate. For this model an adaptive mesh size function with a 2-
millimeter mesh size will be used. One advantage of the AFM method is that the applied 
mesh on the surface of the workpiece will form a cleaner mesh in the forming area, helping 
to improve simulation results (see Figure 55). 
 







Step 7: Transient Thermal: applying temperature to AFM model 
In this step, the temperature loads are applied to surface of the workpiece. For these 
instructions, the temperatures for only the first time step will be applied. The temperature 
profile is applied so that it mimics the thermal image of the workpiece as the tool moves 
along the toolpath. As shown by Figure 35 the temperature profile changes with the 
concavity of the workpiece. 
In all of the thermal images (Figure 35) the outer edge of temperature profile rest 
at approximately 45 degrees Celsius. To simplify the thermal simulation the initial 
temperature can be set to 45 degrees Celsius (see Figure 56). 
 
Figure 56: Applying initial temperature value  
In the Analysis Settings tab, the number of time steps for the simulation can be set 
as well as the end time for each step. The thermal simulation should have one time step for 
every time step of the structural simulation. Therefore, values for the Analysis Settings 
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should be the same for both simulations. For these instructions, there will be only one time 
step with an end time of 0.25 seconds. 
To set the temperature values for each individual face of the AFM, a temperature 
load must be applied to each face and given a value for each time step. Figure 57 shows 
the applied loads for the first step. The temperature loads can be applied using a constant 
value, as tabular data, or even as a function. Tables and functions can be imported from 
outside sources, such as Excel of Matlab. For this setup, a tabular data load was used setting 
the temperature at time step 0 to 45 degrees Celsius and the temperature at time step 1 (0.25 
sec) varying depending an approximation from the thermal image (Figure 35 a).   
 
 





Step 8: Transient Thermal: results for AFM model 
By selecting the Solution tab a temperature solution can be added under the thermal 
solution type. Solving the analysis will calculate the values of temperature over the 
workpiece, based on the applied temperature and the material properties of the forming 
sheet. An animation can be created that shows the temperature profile changing over the 
calculated time. Figure 58 shows the initial and final temperature profiles of the 
polystyrene sheet.  
 
 (a) (b) 
Figure 58: a) Temperature at time 0 seconds b) Temperature at time 0.25 seconds   
The temperature profile of the polystyrene sheet (Figure 59) calculated by the 
Transient Thermal simulation represents a simplified version of the profile seen using the 
thermal imaging camera (Figure 35 a). The profile includes an applied temperature of 87 
degrees Celsius around the forming tool and a temperature of 73 degrees Celsius on either 
side of the forming mesh face. A residual heat trail (82 degrees Celsius) follows the tool 
forming mesh face to show the previous location of the forming tool during the previous 
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time step. The mesh faces ahead of the tool begin to heat up, resembling the tool moving 
toward that location in the next time step.    
 
Figure 59: Temperature profile of polystyrene sheet 
The accuracy of the temperature profile for the AFM method is directly affected by 
mesh pattern created within the SolidWorks 3D model. A higher fidelity mesh pattern will 
result in a more accurate temperature profile, also resulting in a longer setup time, since a 
temperature load must be applied to each individual mesh face.  
The AFM method has the benefit of altering the temperature profile over time to 
better resemble the heat assisted SPIF process throughout the different stages of forming. 
In the first stage of forming, before the polystyrene sheet has plasticly deformed, the 
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temperature profile in Figure 59 can be used. During the second stage of the SPIF process, 
where the polystyrene sheet begins to plasticly deform, a new temperature profile can be 
applied to the AFM where the center of the sheet begins to heat up more due to the outer 
wall beginning to form. When the concave shape is formed (stage 3) the heat is more 
focused at the center of the sheet and less around the edges. The AFM method allows for 
each of the different temperature loads to be applied during the different stages of the 
forming process, and can be altered to match the shape being formed.   
 
3.5   Applied Z-Level Temperature Method 
The Z-level method is a modified version of the AFM method, that lowers the 
required setup time by treating each Z-level as an applied temperature value. Thilbaud and 
colleagues [7] researched the effects of different types of toolpaths on the SPIF process. 
The most common tool path structure used for the SPIF process is referred to as the constant 
Z-level toolpath, shown in Figure 60. The Z-level tool path forms the entire desired shape 
as a constant Z-level before moving downward in the Z direction to form the next stage of 
the desired shape. The Applied Z-level Temperature method treats each Z-level as an 
individual face to apply a temperature load. The Z-level method allows for minimal faces 
to apply a temperature load and maintains a consistent temperature over multiple time 
steps, requiring much less total setup time than the AFM method while using the same 





Figure 60: Z-level toolpath of a cone [5] 
Step 1: Creation of 3D model in SolidWorks 
The Z-level method uses the same 3D model geometry from step 1 of the AFM 
method with a different surface sketch to split the faces of the workpiece. The sketch used 
to split the faces of the workpiece will directly resemble the toolpath for each Z-level (see 
Figure 61). The advantage to the Z-level sketch is that once one Z-level sketch is created 
the Offset Entities function, in SolidWorks, can be used to reproduce the sketch in different 
sizes with a determined offset. This makes reproducing asymmetric shapes for multiple Z-
levels much more simple. To help with the temperature profile in the early stages of the 
simulation a few extra Z-level sections are added to the outermost level of the sketch. Once 
the sketch for the different Z-levels is finalized the Split Line function can be used to cut 
the face of the workpiece, as describe in step 2 of the AFM method. The final assembly 




(a)    (b) 
Figure 61: Examples of Z-level 3D models a) Circular Z-level b) Square Z-level   
Steps 2-5: Beginning setup for Transient Thermal analysis in ANSYS 
workbench 
Steps 2 through 5 for the Z- level method are the same as steps 3 through 6 for the 
AFM method. Steps for entering the Engineering Data, adding geometry, applying 
material, and generation of mesh can all be followed exactly from the instructions for the 
AFM method. 
Step 6: Transient Thermal: applying temperature to Z-level model 
To apply the temperature loads to the Z-level model a very similar procedure can 
be followed by what is described in the AFM model. The initial temperature can be set to 
45 degrees Celsius, and the Analysis Settings time steps can be set based on the structural 
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simulation. For this model, the Analysis Settings will again be set to only one time step 
with an end time of 0.25 seconds. 
The temperature loads will be applied to each of the different Z-level, remembering 
that the final Z-level is the lower surface of the final part. Since there are less Z-levels than 
individual mesh faces, in the AFM method, this process will take less time to setup. The 
temperature loads applied to the first time step are setup as shown in Figure 62.     
 
Figure 62: Temperature loads for Z-level model 
Step 7: Transient Thermal: results for Z-level model  
The result for the Transient Thermal simulation of the Z-level method is displayed 
in Figure 63. The temperature profiles show a temperature of 87 degrees Celsius along the 
forming Z-level. A 73 degrees Celsius temperature load is applied to the two Z-levels 
adjacent the forming level and a 57 degrees Celsius temperature load is applied to the two 
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outermost Z-levels. In the heat assisted SPIF simulation this temperature profile would be 
maintained for every time step the structural simulation is on a specific Z-level. As the part 
deforms in the later stages of the process the applied temperature loads can be modified to 
reflect the temperature. On the third stage of the SPIF process the center section of the Z-
level model can have an applied load to represent the temperature profile of the plasticly 
deformed part (Figure 35 c).    
 
Figure 63: Results of Z-level method 
The temperature profile does not exactly resemble the stage one temperature 
profiles seen in Figure 35 (a) when viewing the entire workpiece surface. The 
manufacturing process of SPIF deforms small sections of the sheet at a specific time. If the 
Z-level model is viewed at the approximate location of deformation, (see Figure 64) it more 
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closely resembles the temperature profile seen in heat assisted SPIF. Within the 
deformation region (inside the red circle), the temperature profile has the highest 
temperature along the path of the tool and contains the resemblance of the residual heat 
trail due to the previous time step. The temperature profile leading the tool is the greatest 
difference between the desire temperature profile and the Z-level model. Although the 
temperature of the leading section should not have reached the same temperature as the 
tool location, it will have a higher temperature in the path of the tool and a lower 
temperature around the edges. For this reason, it is assumed that the Z-level temperature 
profile will be able to properly model the stage one temperature profile seen by the thermal 
imaging camera during heat assisted SPIF.  
 




3.6   Tool Conduction Method 
The final method being analyzed is called the Tool Conduction method. In the Tool 
Conduction method, the tool will be given an applied temperature load and conduction will 
be utilized to alter the temperature profile of the workpiece. The applied tool temperature 
can be modified depending on the time step of the simulation to represent the increase in 
temperature of the sheet, at the forming location, over the length of the heat assisted SPIF 
process. The advantage of the Tool Conduction method is that there is no preparation 
required in the 3D model and only one temperature load will be applied in the setup 
procedure. The concept behind the Tool Conduction method is that the tool will heat up 
one location of the sheet for the first time step. The Transient Thermal simulation will 
compute the temperature profile of the sheet and send the results to the Transient Structural 
simulation. The structural simulation will then calculate the deformation of the model with 
the apply temperature profile. The resulting geometry from the first time step of the 
Transient Structural simulation will be sent to the Transient Thermal simulation where a 
new temperature profile will be calculated with the new location of the tool. The process 
will continue for every time step of the structural simulation. The following steps are used 
to setup the thermal analysis of the Tool Conduction method. 
Step 1: Creation of 3D model in SolidWorks 
The CAD model used for the Tool Conduction method (Figure 65) is the simple 
geometry of the workpiece and forming tool. No setup is required on the face of the 
workpiece, like in the AFM and Z-level methods, and the basic forming tool shape is used 
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without the nozzle to minimize the mesh elements being calculated. Once the CAD model 
is created, it can be saved as a STEP file and imported into ANSYS workbench. 
 
Figure 65: 3D model for Tool Conduction method 
Steps 2-5: Beginning setup for Transient Thermal analysis in ANSYS 
workbench 
Steps 2 through 5 for the Tool Conduction method are the same as steps 3 through 
6 for the AFM method. Steps for entering the Engineering Data, adding geometry, applying 
material, and generating mesh can all be followed exactly from the instructions for the 
AFM method. The only added step, in this process, is to make sure there is a contact region 
between the tip of the tool and the top surface of the workpiece, shown in Figure 66. This 
contact region should be automatically added by the ANSYS Mechanical Modeler as a 




Figure 66: Contact region between forming tool tip and workpieces face 
Step 6: Transient Thermal: applying temperature load 
 The Tool Conduction method uses an applied temperature load on the tool to 
conduct the heat into the workpiece. As shown in Figure 67, a temperature load of 90 
degrees Celsius is applied to the tip of the forming tool. In this example, the applied 
temperature load is set up as a magnitude value. When setting up the entire heat assisted 
SPIF simulation the temperature load can be applied as a tabular or functional value to 
increase the temperature over time and better represent the temperature profile during the 




Figure 67: Applying temperature load to tip of workpiece  
Step 7: Transient Thermal: results for Tool Conduction method 
 By solving the ANSYS simulation the temperature profile of the workpiece can be 
calculated. A temperature solution type can be added to view the resulting temperature 
profile. Figures 68 and 69 shows the temperature profile that results from the Tool 
Conduction method. As shown in Figure 69, the temperature of the workpiece at the tip of 
the forming tool is 87 degrees Celsius just like in the stage one thermal image (Figure 35 
a). Due to the low thermal conduction coefficient of polystyrene (0.0466 W/(m*K)) the 
heat does not disperse throughout the workpiece as desired and does not accurately 




Figure 68: Transient Thermal results of Tool Conduction method 
 
Figure 69: Temperature profile of workpiece as a result of Tool Conduction method   
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CHAPTER 4: ANALYSIS AND RESULTS OF THERMAL SIMULATIONS 
The goal of this chapter is to analyze the advantages and disadvantages of each of 
the previously discussed methods for modeling the thermal loads seen during the heat 
assisted SPIF process. Methods will be evaluated based on the level of accuracy modeling 
the different stages of the SPIF process, difficulty of the process setup, possible issues that 
may present themselves during the final analysis, and approximate computational time 
required to complete the thermal portion of the SPIF simulation. Recommendations to 
solve any difficulties within the simulation will be discussed in hopes of simplifying future 
work.  
An evaluation of computation time required for each simulation will be given. All 
of the following simulations were completed on a desktop computer using an AMD FX-
Series 8-Core processor with a frequency of 4.0 GHZ and 32 GB of DDR4 2133 RAM. 
For each case the number of elements in the mesh will be given. The computation time will 
be calculated assuming a 100 time step structural model.  
4.1   CFD Analysis Method 
The CFD analysis method offers the most similarity to the real world experimental 
setup. The thermal loads applied to the polystyrene sheet during the SPIF process are 
produce by a heat gun with a nozzle to direct the hot air at the base of the forming tool. 
The CFD analysis method uses a CFD simulation to evaluate the fluid flow from the heat 
gun for every time step within the simulation. The resulting temperature profile from the 
fluid flow at the surface of the workpiece is then applied to the polystyrene sheet. 
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Conceptually the CFD analysis would present the most accurate result due to the similarity 
to the experimental setup, as long as a proper mesh is used and the results converge within 
a desired value.   
When compared to the first thermal test, where the forming tool remains in place 
as the polystyrene sheet heats up from the fluid flow, the CFD analysis produces accurate 
results of temperature profile. Figure 70 compares the results of the first thermal test and a 
ANSYS Fluent simulation. The thermal image shows the temperature at the base of the 
tool to be 82 degrees Celsius with the outer edge of the workpiece resting at approximately 
43 degrees Celsius. The CFD analysis produces a similar temperature profile with the 
temperature at the base of the tool being 90 degrees Celsius and the outer edge of the model 
being 42 degrees Celsius. The percent error at the base of the tool is 9.75% while the 
percent error at the outer edge of the workpiece is 2.33%. The error could be lowered by 
improving the convergence value of the simulation or by modifying the Inlet temperature 
and velocity to better fit the experimental setup.  
The greatest different between the thermal test and the CFD analysis is the shape 
of each temperature profile. In the CFD analysis, the shape of each increment of 
temperature value resembles a square, where the thermal image shows a circular profile 
shape. The profile in the thermal image may resemble a square shape, however due to the 
location of the forming tool and heat gun a 2D contour view of the workpiece cannot be 
obtained. This may also be due to imperfection within the mesh of the CFD simulation or 
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the maximum number of iterations for the simulation being set to a value of 20 to lower 
computation time. 
 
(a)                                                                             (b) 
Figure 70: Comparison of thermal profile of static tool test a) thermal image b) CFD 
thermal profile 
As shown in Figure 35 there are three different stages of temperature profiles during 
the heat assisted SPIF process. Stage one happens before the polymer sheet is plasticly 
deformed. In stage one the fluid flow impacts the sheet, to heat the area around the tool, 
and then disperses in every direction. The point of highest temperature is at the base of the 
forming tool, but due to the movement of the tool a residual heat trail is created behind the 
tool. The conceptual model of the CFD analysis method, previously shown in Figure 37, 
reevaluates the CFD simulation (Fluent) for every time step of the transient structural 
simulation. The CFD simulation will evaluate the fluid flow and the Transient Thermal 
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simulation will apply the temperature profile of the fluid to the face of the polystyrene 
sheet. The Transient Structural simulation will then perform one time step of deformation 
and send the new resulting model geometry back to the CFD simulation. The CFD 
simulation will then reevaluate the fluid flow based on the new geometry. This process will 
continue for every time step within the Transient Structural simulation, meaning that each 
time step will have a new temperature profile with no regards to the previous temperature 
profile. For this reason, the temperature profile will not display any signs of residual heat 
from the previous time step therefore having no residual heat trail. This will lower the 
accuracy of the temperature profile during stage one of the SPIF process.  
A 3D model (Figure 71) was created to mimic the geometry during stage one of the 
SPIF process. CFD analysis was completed using this model to compare the results with 
the thermal image taken during stage one. The comparison can be seen in Figure 72. The 
thermal image shows the temperature at the base of the tool is 87 degrees Celsius, with a 
residual heat trail forming for about 2/3 of the previous circular path ranging from around 
82 degrees Celsius directly behind the tool to about 64 degrees Celsius at the end of the 
residual heat trail. The outer edge of the workpiece has a temperature of approximately 46 
degrees Celsius, while the temperature in the center of the workpiece is at approximately 
60 degrees Celsius. The CFD results show the temperature at the base of the tool to be 93 
degrees Celsius (percent error of 6.90%). The results show no presents of a residual heat 





Figure 71: 3D model of stage 1 of SPIF process 
 
Figure 72: Comparison of stage 1 temperature profile with CFD method 
A 3D model (Figure 73) is created to represent the geometry of the workpiece 
during the second stage of the SPIF process. The results of the stage two CFD analysis are 
compared with the stage two thermal image (Figure 74). The thermal image of stage two 
shows the temperature at the base of the forming tool to be 89 degrees Celsius. The heat is 
now being focused in the concave portion of the workpiece. The wall of the shape around 
the location of the tool ranges from 85 degrees Celsius to 74 degrees Celsius, while half of 
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the lower surface of the shape maintains above 61 degrees Celsius due to the residual heat 
trail. The CFD results once again do not show residual heat from the previous steps and 
therefore limit the level of accuracy of the simulation. The temperature at the base of the 
tool is at 92 degrees Celsius (3.37% error), while approximately half of the lower surface 
of the forming shape has a temperature above 57 degrees Celsius. The heated portion of 
the lower surface in the CFD simulation is due to the motion of the fluid as it impacts the 
side wall resulting in a symmetrical profile about the forming tool. In the thermal image 
the heating of the lower surface is due to the residual heat from previous time steps and 
therefore is not symmetrical. The area before the tool is being heated due to the current 
position of the tool while the area behind the tool is much larger in size and has a 
completely different temperature distribution because it is both being heated due to the 
currently location of the tool as well as maintaining temperature from previous time steps.   
 
 




Figure 74: Comparison of stage 2 temperature profile with CFD method 
For the comparison of the third stage of SPIF another 3D model (Figure 75) is 
created and CFD analysis was completed with the new geometry. The results (Figure 76) 
show from the thermal image that the entire concaved region of the shape is now above 63 
degrees Celsius with all regions but the opposite quarter of the tool being above 71 degrees 
Celsius. The temperature at the base of the forming tool is 92 degrees Celsius and the 
residual heat trail behind the tool is not as visible. The CFD results show the temperature 
at the base of the forming tool being at 92 degrees with approximately three quarters of the 





Figure 75: 3D model of stage 3 of SPIF process 
 
Figure 76: Comparison of stage 3 temperature profile with CFD method 
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The CFD analysis method is able to produce a thermal profile that accurately 
resemble the temperature profile seen during the non-moving tool testing. The temperature 
profile is less accurate for the three stages of SPIF due to the lack of residual heat within 
the simulation. If a method could be found to save the temperature profile from the previous 
steps and created a residual profile over the current simulation, the results would be much 
more accurate with the thermal images. This may be completed in some way by modifying 
the coupling of the simulations to use the previous time step temperature profile as an initial 
temperature profile for the next step.    
The CFD method would require a complete CFD analysis, as well as structural 
analysis, for every time step. The required computation time from the CFD analysis of the 
three stages of SPIF are shown in Table 9. The stage one model mesh contained 64673 
nodes with 306716 elements, stage two mesh model contained 77903 nodes with 376216 
elements, and the stage three model mesh contained 78817 nodes with 389315 elements. 
During the SPIF process the workpiece will only remain in stage one (no deformation) for 
the first Z-level. Stage two will last for the next few Z-levels and stage three for rest of the 
SPIF process. Assuming the average time for stage one and stage three are used to estimate 
computation time for the entire SPIF analysis (with 100 time steps) the CFD method would 
require an added computation time ranging from 1610 minutes to 2150 minutes, as well as 
the added calculation time for the structural analysis. The computation time will vary based 
on the mesh applied to the model, the values set for number of iterations, convergence 
values, time steps (of CFD analysis), and maximum time, as well as the hardware being 
used to run the analysis.   
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Table 9: Computational times of CFD analysis of three stages of SPIF Process 
 Stage 1 Stage 2 Stage 3 
Trial 1 16:17 18:23 21:34 
Trial 2 15:52 19:06 21:28 
Trial 3 15:03 18:59 21:47 
Trial 4 16:36 19:17 21:23 
Trial 5 15:43 19:26 21:17 
Average 16:16.2 19:02.2 21:29.8 
The analysis within ANSYS workbench will present some issues during 
calculation. The first issue is due to the creation of the fluid geometry within the CFD 
simulation. Step 3 of the CFD method describes the procedure for creating the fluid 
geometry by extruding a sketch from the face of the workpiece to the top surface of the 
forming tool nozzle, then using the Boolean function to remove any material overlapped 
by the geometry of the workpiece and forming tool. As the workpiece beginnings to form 
the geometry will no long have a flat surface to extrude the fluid geometry from. This 
means part of the workpiece will be below the fluid geometry and not be included in the 
CFD analysis. To solve this problem the fluid geometry can be extruded from plane created 
below the workpiece to the top surface of the tool nozzle. The fluid geometry will then 
completely encompass the workpiece during all stages of the SPIF process. The only 
problem is that the presented solution will result in a large fluid geometry and a greater 
computation time.  
The Boolean function will also create an issue during later steps of the simulation. 
The Boolean function is designed to remove material of a part (Target Body) that overlaps 
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the geometry of another part (Tool Body). When the tool geometry contains two parts that 
are in tangential contact, like the forming tool and the workpiece (see Figure 77), the 
Boolean function creates a non-manifold geometry error because it cannot determine how 
much material to remove from the target body. To resolve this issue in the previous models 
presented above, a small space (0.001 inches) was created between the forming tool tip and 
the workpiece. During the SPIF simulation the space between the forming tool tip and 
workpiece will be eliminated due to the displacement in the Transient Structural 
simulation. To use the CFD analysis method a solution to resolve the Boolean function 
problem will need to created.    
 
Figure 77: Tangent geometry of forming tool and the workpiece 
 Another problem that may arise through the CFD analysis method is properly 
coupling the simulations within ANSYS workbench. There are two methods of coupling a 
simulation; one-way and two-way coupling. One-way coupling sends data in only one 
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direction (the results of one simulation sent to another). Two-way coupling sends data 
transfer in both directions using a system coupling tool within workbench [28-30]. The 
CFD analysis method used three simulations in total. Fluent to analyze the fluid flow, 
Transient Thermal to apply the temperature profile to from the fluid to the polymer 
workpiece, and Transient Structural to calculate the deformation of the workpiece with the 
applied temperature. To properly run the CFD method there would need to be a one-way 
coupling between the Fluent and Transient Thermal simulations and a one-way coupling 
between the Transient Thermal and Transient Structural. There would then need to be 
another coupling that transfers the final resulting geometry of the Transient Structural 
simulation to be used as the geometry for the next time step of CFD analysis. The last 
coupling stage is where a problem may arise. This could be considered a one-way coupling, 
however the geometric issues presented earlier may cause errors within the simulation. The 
process would then need to continue until all the time steps of the structural analysis have 
been completed, creating the cycle shown in Figure 37. It is unclear how to create this cycle 
within ANSYS workbench as more research would need to be completed in the coupling 
of simulations. One way to resolve the cycle coupling problem would be to remove the 
Transient Thermal simulation from the cycle and apply a body temperature load directly 
from the Fluent analysis to the Transient Structural analysis. A two-way coupling could 
then be created between the Fluent analysis and the Transient Structural analysis. It is 





4.2   Applied Face Mesh Method 
The AFM method uses 3D modeling to split the upper surface of the workpiece into 
multiple smaller faces, forming a type of surface mesh. The surface mesh allows individual 
temperature loads to be applied so the temperature profile, from the thermal images, can 
be recreated in ANSYS workbench. The AFM method can have different levels of accuracy 
depending on how detailed the applied mesh. A higher fidelity mesh will take longer to set 
up and apply the temperature loads, as each individual face needs to have an applied 
temperature value for every time step. A less detailed mesh will require much less setup 
time, but will also lower the accuracy of the temperature profile.  
An advantage of the AFM method is the mesh can be altered to best fit any shape. 
A complex grid pattern, shown in Figure 78, will work well for any desired forming shape, 
but will also significantly increase setup time for the simulation. To lower setup time and 
maintain accuracy the surface can be altered to better fit the desired forming shape. Figure 
79 shows a lower fidelity mesh designed to more accurately mimic the temperature profile 




Figure 78: High fidelity grid mesh 
 
Figure 79: Low fidelity circular mesh 
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A moderate fidelity circular mesh (see Figure 80) was used to recreate the three 
stages of the SPIF process previously discussed. Figures 81 through 83 below show the 
comparison of the thermal image for each stage of the SPIF process with the temperature 
profile created on the moderate fidelity mesh. 
 
Figure 80: Moderate fidelity circular mesh 
 




Figure 82: Stage 2 thermal profile comparison of AFM method 
 





The AFM method is able to accurately model all three stages of the SPIF process. 
A similar temperature profile can be applied directly to the workpiece face to resemble the 
thermal image even when a lower fidelity mesh is created. The stage one AFM temperature 
profile has a temperature at the location of the forming tool of 87 degrees Celsius and even 
is able to display a residual heat trail similar to what is seen in the stage one thermal image. 
In stage two the temperature profile is more focused around the forming tool while still 
resembling a smaller residual heat trail. In the third stage of SPIF the temperature profile 
is mostly focused in the center of the workpiece with the location of the forming tool at 93 
degrees Celsius, as shown in the thermal image.  
The AFM method requires low computation time, especially in comparison with 
the CFD method. Analysis was completed on the temperature profiles of the three stages 
of SPIF seen above. The simulations were run multiple times to determine the average 
computational time for one time step of the AFM method. A mesh of 20183 nodes with 
10348 elements was applied to each simulation. The computation times seen in Table 10 
result in an average computation time for all 15 simulations of 10.708 seconds. If applied 
to the same 100 time step structural simulation, the added thermal computation time is only 
1070.82 seconds (17.85 minutes). The computation time of the AFM method is much lower 






Table 10: Computation time of AMF method in seconds 
 Stage 1 Stage 2 Stage 3 
Trial 1 11.062 10.781 10.932 
Trial 2 10.912 10.513 10.702 
Trial 3 10.884 10.359 11.091 
Trial 4 10.561 10.628 10.503 
Trial 5 10.498 10.334 10.863 
Average 10.783 10.523 10.818 
While the AFM method is able to recreate the temperature profiles of each stage 
with a strong level of accuracy it does have its disadvantages. One disadvantage of the 
AFM method is the amount of time required for set up. A properly detailed applied mesh 
requires a higher number of individual faces. Within the Transient Thermal simulation, a 
temperature load must be applied to each individual face and values of temperature for 
every time step must be applied. Of the two example meshes shown in Figures 78 and 79, 
the high fidelity grid mesh (Figure 78) has the greatest number of faces (722) while the low 
fidelity circular mesh has the least number of faces (98). A small forming shape can easily 
have over 100 times steps. Applying temperature load values for 98 to 722 faces for 100 
time steps requires a considerable amount of step time. One solution for this problem could 
be using a software program, such as Matlab, to create either a table or a function for the 
temperature values of each mesh face based of the location of the forming tool during a 
specific time of the G-code. The software could determine the location of the tool, based 
on the G-code, and based on a set of conditions could create a table of the temperature 
values for each face. The values for each face could then be imported directly into the 
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temperature loads in the Transient Thermal simulation. A simpler method would be to 
create a function for the temperature of each face depending on time. The function could 
then be applied to each individual face and the temperature for each time step, of the 
simulation, would be determined within ANSYS.    
 
4.3   Z-level Temperature Method 
The Z-level method aimes to simplify the AMF method and improve the setup time 
required for the thermal simulation without the use of outside software programs. The Z-
level method focuses on only the thermal profile in the deformation zone around the tool. 
While the tool moves in small increments the workpiece will only deform in a small area 
surrounding the tool location. The temperature profile around the rest of the workpiece 
should not matter since only a small region of the workpiece is deforming at a time.      
The Z-level method divides the surface of the workpiece based on the Z-level 
shapes created by the G-code. A sketch of the shape being formed can be made on the face 
of the workpiece in SolidWorks and the Offset Entities function can be used to repeat the 
sketch for different Z-levels. The accuracy of the Z-level methods can be improved 
depending on the number of Z-levels added into the 3D model sketch. One Z-level in the 
sketch per Z-level within the G-code allows for more faces to apply different temperture 
loads. Like in the AFM method, more Z-levels would apply a greater level of accuracy 
within the temperature profile, while less Z-levels would result in lower accuracy and less 
 
109 
required setup time. Assuming a sketch was made with one Z-level in the sketch for every 
three Z-levels in the G-code. This would mean that within the simulation the same 
temperture profile would be used for every time step over the three G-code Z-levels. The 
results of the Transient Thermal simulations are shown in Figures 84, 85, and 86 below.    
 




Figure 85: Z-level thermal results of stage two of SPIF 
 
Figure 86: Z-level thermal results of stage three of SPIF 
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Figures 84 through 86 above represent the temperature profile of the three stages 
of the heat assisted SPIF process. The Z-level method focuses on only the temperature 
within the deformation zone. The temperature of the Z-level being formed closely 
resembles the temperature of the workpiece at the forming tool for each stage. Because the 
temperature is applied to the entire Z-level, the Z-level temperature would also represent 
the residual heat trail seen in the thermal images of each stage. In the first stage the thermal 
profile of the adjacent Z-levels is the same on both sides of the forming Z-level. In stages 
two and three of the SPIF process, the center of the workpiece begins to heat up more than 
the outer edges, due to the shape of the part beginning to form which focuses the fluid flow 
into the center of the workpiece. The thermal results of stages two and three show the 
increase of heat at the center of the workpiece by applying greater temperature values to 
the inner Z-levels.  
One difference in the temperature profiles is that the temperature leading the tool 
is the same as the forming location temperature, which is not seen in the thermal image. It 
is unsure as how much the leading temperature may alter the results of the deformation 
within the forming zone. More research needs to be completed to determine the effects, of 
the leading temperature as well as the applied temperature on the opposite sides of the 
workpiece, on the accuracy of the heat assisted SPIF simulation results. 
The computation time for each of the three stages in the SPIF process is shown in 
Table 11. Each of the 15 simulations had a mesh of 18480 nodes and 9511 elements. The 
average computation time from all three stages is 8.28 seconds. If applied to the 100 time 
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step simulation the total added computation time is 827.97 seconds (13.80 minutes). The 
Z-level method requires 4 minutes less computation time than the AFM for the 100 time 
step example. This is not a large difference considering the amount of time required to 
compute the structural results of SPIF process. The Z-level method does require much less 
time to setup the simulation, as temperature loads only need to be applied for each Z-level 
rather than each face in the AFM. The temperature values, of the Z-level method, for each 
face will also remain the same for every of the time steps on the same Z-level, making it 
much easier to input the temperature values for each face. The only disadvantage to the Z-
level method is the lower accuracy of the temperature profile. More research will need to 
be completed in future work to determine the effects on the accuracy of the final heat 
assisted SPIF analysis results.  
Table 11: Computation times for Z-level thermal analysis in seconds 
 Stage 1 Stage 2 Stage 3 
Trial 1 8.562 7.828 8.438 
Trial 2 8.213 8.209 7.958 
Trial 3 8.690 8.198 8.563 
Trial 4 8.445 7.489 8.711 
Trial 5 8.700 7.735 8.456 




4.4   Tool Conduction Method 
The Tool Conduction method applies a temperature load to the base of the forming 
tool. Conduction is utilized to alter the temperature of the workpiece around the base of the 
tool. The heat assisted SPIF simulation would then include a two-way coupling between 
the Transient Thermal and Transient Structural simulations. The Transient Thermal 
simulation would analyze the thermal profile of the workpiece at one time step. The 
Transient Structural simulation would calculate the deformation and the resulting geometry 
would be sent to the Transient Thermal simulation. A new temperature profile of the 
workpiece would then be evaluated based on the new geometry and the process would 
continue until each time step is complete. 
The results in Figure 87 show that the Tool Conduction method does not result in 
a temperature profile that is in any way similar to the thermal images of the different stages 
of SPIF. The tool temperature was set to 90 degrees Celsius and resulted in a temperature 
of 87 degrees Celsius on the workpiece at the base of the forming tool. Due to the low 
value of thermal conductivity of the polystyrene sheet (0.0466 W/(m*K)) the heat does not 
disperse through the workpiece. Only the temperature of the workpiece around the location 
of the forming tool is altered and the rest of the workpiece remains at 45 degrees (the set 




Figure 87: Tool Conduction method results on polystyrene sheet  
To improve the results of the Tool Conduction method the material properties of 
the polystyrene workpiece can be modified within ANSYS workbench engineering data. 
A greater value for thermal conductivity will allow the heat of the tool to disperse over the 
face of the workpiece. To determine if this theory is true, the simulation was reevaluated 
using different values of thermal conductivity selected from an assortment of materials. 
Table 12 below shows the materials selected and the corresponding thermal conductivity 
values applied to the polystyrene material data. The analysis of stage one was evaluated 
for each of the different material properties. The resulting temperature profile are shown 
in Figures 88 through 92 below. 
 
115 
Table 12: Thermal conductivity values of selected material [31] 
Material  Thermal Conductivity (W/(m*K)) 
Steel 50.2 










Figure 89: Thermal conductivity 205.0 results 
 




Figure 91: Thermal conductivity 406.0 results 
 
Figure 92: Thermal conductivity 1000.0 results 
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The results show that as the thermal conductivity value increases the temperature 
load was distributed over a larger area of the polystyrene sheet. When the thermal 
conductivity was set to 1000 (W/(m*K)) the heat started to move toward the edge of the 
workpiece. Of all the thermal conductivity values, 1000 (W/(m*K)) created closet thermal 
profile to the deformation zone seen in the thermal images. More research must be 
completed to determine what material values applied to polystyrene will cause the Tool 
Conduction method to create a temperature profile that best simulates the temperature 
profile seen during the three stages of SPIF.  
To evaluate the Tool Conduction method further the geometry of the workpiece 
was modified to resemble the shapes of stages two and three of the SPIF process. A 
temperature load was applied to the tool with a thermal conductivity of 1000 (W/(m*K)) 
applied to the polystyrene material data and the results were analyzed (see Figures 93 and 
94).   
 




Figure 94: Stage 3 Tool Conduction thermal results 
The results of the SPIF stages two and three geometry show that the thermal profile 
created using the Tool Conduction method becomes less accurate with the formation of the 
shape. The stage 3 results produce a much smaller temperature distribution then stages one 
or two. In all three stages the temperature profile is only focused at the base of the forming 
tool with no residual heat from previous time steps. Just like in the CFD method the Tool 
Conduction method results would be improved if previous temperature profiles where 
included in the coupling of the simulation. For example, if the previous temperature profile 
was used as the initial profile in the current time step a residual heat trail may be formed 
and the accuracy of the temperature profile may be improved.  
A similar time analysis was completed on the Tool Conduction method. The stage 
one mesh contained 68140 nodes (10029 elements), stage two mesh contained 112620 
nodes (66126 elements), and stage three contained 123257 nodes (72684 elements). Table 
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13 shows the average computation time for stage one analysis is 37.675 second, while the 
average time for the stage three analysis is 70.426 seconds. Using the averages time for 
stages one and three the computation time for the thermal simulation of 100 time steps 
would range from 3767.50 seconds (62.79 minutes) to 7042.64 seconds or (117.38 
minutes). This time is greater than both the AFM and Z-level methods, with a less accurate 
temperature profile. It is possible that the accuracy of the Tool Conduction method could 
be improved due to modification of the material data, or residual temperature profiles being 
applied from previous time steps. The only benefit of the Tool Conduction method, over 
the other three methods, is the setup time required. The Tool Conduction method takes 
much less time to set up than any of the other methods discussed, however the low accuracy 
temperature profile and computation time lower the overall benefits of using the Tool 
Conduction method for heat assisted SPIF.   
Table 13: Computation time for Tool Conduction Method 
 Stage 1 Stage 2 Stage 3 
Trial 1 32.906 63.594 70.062 
Trial 2 37.578 62.996 70.609 
Trial 3 37.891 63.946 70.438 
Trial 4 42.797 63.085 70.625 
Trial 5 37.203 63.480 70.398 




Each method has its own advantages and disadvantages for representing the 
temperature profile of the workpiece during heat assisted SPIF. Table 14 shows some of 
the pros and cons discovered for each method in this thesis. Other than the required setup 
time, the AMF method has the highest accuracy, with a low computation time.  
Table 14: Comparison of temperature application method 
Method Pros Cons 
CFD Analysis 
Method 
• Most similar to 
experimental setup  
• High accuracy with non-
moving tool thermal 
image 
• Large computation time 
per step (15-22 minutes) 
• Possible geometric errors 
• No current way to 
represent previous time 
step temperature profile 
(residual heat trail)  
Applied Face 
Mesh Method  
• Low computation time 
per time step (10.71 
seconds) 
• High accuracy for all 
stages of heat assisted 
SPIF including residual 
heat trail 
• Variable accuracy with 
changing of applied 
mesh face  






• Low setup time 
• Low computation time 
per time step (8.28 
seconds) 
• Low accuracy due to 
temperature being applied 




• Minimal setup time  
• Results can be altered 
using different material 
properties  
• Computation time per 
time step (ranging from 
35 – 70 seconds)   
• Least like experimental 
setup 







CHAPTER 5: CONCLUSIONS  
5.1   Summary of Results 
The objective of this work is to evaluate different methods for applying the 
temperature profile or the workpiece during heat assisted SPIF of polymers to an ANSYS 
simulation. The desired characteristics of the temperature profile applicating methods are 
high accuracy representation of the temperature profile, low computation time, and ease of 
setup. Four methods were developed to apply the thermal profile to a workpiece model in 
ANSYS; the CFD analysis method, the Applied Face Mesh method, the Z-level 
Temperature Application method, and the Tool Conduction method. Each of the four 
methods were evaluated based on accuracy of the temperature profile, estimated 
computation time, and difficulty of setup. Table 15 compares each model to the desired 



















• Most similar to 
experimental 
setup 



















• High accuracy 
for all stages of 
SPIF 









• Low accuracy 
due to 
temperature 
being applied to 
entire Z-level 
8.28 seconds • Low setup time 
Tool Conductivity 
Method 
• Least like 
experimental 
setup 
• Low accuracy  
35-70 seconds • Lowest setup 







The CFD analysis method uses ANSYS fluent simulation to analyze the fluid flow 
of the heat assisted SPIF experiment. The CFD analysis best mimics the experimental 
setup, since the thermal profile of the workpiece is created by heated fluid flow. The results 
of the analysis show that the CFD method produces similar results as the non-moving tool 
test, however the evaluation of the three stages of SPIF in CFD differ from the experimental 
results. This could be improved if a method for applying residual heat temperatures, from 
previous time steps, was discovered. The added computation time of 2150 minutes for a 
100 time step analysis and possible simulation errors due to geometry issues make the CFD 
method less desirable for the use of heat assisted SPIF analysis.  
The Applied Face Mesh method divides the surface of the workpiece into many 
faces. Temperature loads can be applied to each individual face for every time step of the 
simulation, allowing the opportunity for a high accuracy temperature profile to be created. 
Advantages of the AFM method include a high level of accuracy of all three stages of the 
heat assisted SPIF process and a low computation time. The applied mesh can also be 
altered for any forming shape or a high fidelity grid mesh can be used to represent the 
temperature profile. A disadvantage of the AFM method is the amount of difficulty in the 
setup process. In the AFM method a temperature value must be applied to every face for 
each time step on the simulation. The setup difficulty could be lowered with the 
development of outside software to create a temperature table for the individual mesh faces.  
The Z-level method is a modified version of the AFM method, that applies a face 
for each Z-level within the G-code. Temperature loads are then applied to the entire Z-level 
 
125 
and the temperature profile will only change as the tool moves to lower Z-levels. As the Z-
level method improves the amount of time required for set up, compared to the AFM 
method, it lowers the level of accuracy. Future research is required to determine the effects 
of accuracy the Z-level method has on the heat assisted SPIF simulation.  
The final method evaluated is the Tool Conduction method. The Tool Conduction 
method applies a temperature load to the tip of the forming tool and utilizes thermal 
conduction to create the temperature profile of the workpiece. The disadvantage of this 
method is that the material properties of polystyrene do not allow the heat to disburse over 
the workpiece. Even when applying different values of thermal conductivity to the 
polystyrene material data, the resulting temperature profiles did not accurately resemble 
the thermal images of heat assisted SPIF. The only advantage of the Tool Conduction 
method is the simple process of simulation setup. Future research will need to be completed 
to see if further manipulation of the material data will allow the Tool Conduction method 
to produce result similar to temperature profiles seen during heat assisted SPIF. 
Of the four methods evaluated the Applied Face Mesh method best meets the 
required criteria. As shown by Table 15, the AFM method most accurately represents of 
all the stages of heat assisted SPIF while having a low added computation time of 10.71 
seconds per time step. Although the CFD method is most similar to the experimental setup, 
the is based on the thermal images taken from the experimental results. With the use of 
outside software the setup time for the AFM method could also be lowered, further 
improving the advantages of the AFM method.   
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5.2   Future Work in Analysis of Heat Assisted Single Point Incremental Forming 
The goal within this research is to work toward finding a procedure to analyzing 
the heat assisted SPIF process within ANSYS workbench and being able to optimize the 
tool path of any shape to improve the accuracy of the final part. The research presented 
focuses on different methods used to recreate the thermal profile applied to the face of the 
workpiece, specifically when analyzing a polymer sheet. The research in this paper is only 
one step in many to obtaining the desired goal and future research must be completed to be 
able to analysis heat assisted SPIF of polymers. 
One future research topic would be analysis of different material models and 
determine which material models best represent different polymers. Material models of 
polymers are more complex than metals due to the different regions of the stress-strain 
curve. To further analyze the deformation of the polymer sheet during SPIF research on 
the different material models for analyzing polymers needs to be completed. Determining 
the advantages and disadvantages of different material models and how well they 
accurately represent the deformation of polymers will help to improve the overall model 
of heat assisted SPIF. It is also possible that different models will better represent different 
polymers, in which case the research could be further expanded to determine if a particular 
material model should be used to more accurately compute the results of specific polymers. 
Polymer model research could be completed by analyzing tensile testing and fatigue 
experiments for different polymers and comparing the results with an ANSYS simulation 
where different material models are used. The results from each material model could be 
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compared to the tensile testing data to determine the accuracy of each model to each of the 
different polymers. Once the results are determined researchers would better understand 
which models to use during analysis of SPIF of polymers, and determine ways to improve 
the accuracy of certain models.  
Once a proper material model is determined the results could be combined with the 
methods of applying the temperature profile discussed in this paper. Another future 
research topic would then include coupling the two simulations and comparing the results 
to experimental results of heat assisted SPIF of polymers. This research would compare 
the different methods discussed within this paper, as well as other methods determined 
through future research, to compare the accuracy of the entire heat assisted SPIF simulation 
system. Analysis of the coupled simulation would determine how to couple the individual 
simulations and overcome any possible errors such as the ones discussed in this paper. 
Once a coupling method is formed and simulation results are determined they can be 
compared to the final experimental results. This process can be completed on multiple 
different parts to be sure the coupling method can be used on any shape, or with any 
material model. 
Another topic of future research that relates to the previous topic of coupling the 
thermal and structural simulations includes how to simplify the simulation to lower 
computation time. The total structural analysis of SPIF of polymers in ANSYS can take as 
long as a week to compute final results for a 3.5 square inch work area. The final goal for 
this research is to be able to use this analysis to improve parts for industry. Research on 
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how to lower computation time without lowering accuracy would improve future use of 
this research.  
The final step in future research would be to create a process for optimizing heat 
assisted SPIF using the results of the coupled simulation. Modifying the G-code would 
alter the shape to account for material springback. Using this simulation, the modified G-
code could be analyzed to determine if the final shape will match the desired 3D model. A 
process for this could including using an optimization software or even the creation of a 
formula to determine the best tool path for any desired shape. Once this research is 
completed accurate SPIF models of polymers can formed and used for any desired 
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